We placed negative electrodes on the body and positive electrodes at the medial and lateral canthi, measured their potentials separately, evaluated their characteristics, and analyzed cross-talk. We recorded EOG in 6 normal subjects and found the following. The potential at the medial was lower than that at the lateral canthus in the bilateral eyes. The polarity of waves at the lateral was reverse to that at the medial canthus in the bilateral eyes. We recorded EOG in 6 patients with unilateral anophthalmia and found the following. On the anophthalmia side, the potential at the lateral was considerably lower than that at the medial canthus. The polarity of the potential was the same between the medial and lateral canthi. The mean cross-talk to the medial canthus on the anophthalmia side was 8.7% % -54.0% % of the potential at the medial canthus on the normal side. The mean cross-talk to the lateral canthus on the anophthalmia side was 4.4% % -16.9% %. The influence of cross-talk of the other eye was marked at the medial but slight at the lateral canthus. In EOG recording, results with minimum errors due to cross-talk can be obtained by paying attention to the potential at the lateral canthus. J. Med. Invest. 55 : 120-126, February, 2008
INTRODUCTION
In the eyeball, a very weak electric current runs from the corneal toward the retinal side, and there is always a potential difference called the retinal resting potential (RP). RP in the normal human eye was first observed by Dewar in 1877 and subsequently studied by Schott, Miles (1, 2) and Arden (3, 4) , and a record of RP was termed an electrooculogram (EOG) by Carmichael and Darborn (5) .
At present, EOG is used for the evaluation of oculomotor abnormalities such as nystagmus, strabismus, and supranuclear oculomotor dysfunction (6, 7) . In addition, EOG is recorded for a long time with changes in the adaptation state, and used for the examination of the function of the retinal deep area such as the retinal pigment epithelium based on changes in its amplitude (8, 9) .
However, since EOG is affected by measurement conditions and environments, its reproducibility is not always high. One of the associated errors concerns the influence of the potential from the other eye, i.e., cross-talk.
We have performed studies to increase the accuracy of EOG. In conventional EOG, the potential difference between the medial and lateral canthi is measured, as shown in Fig. 1 . We have reported that the eyeball can be analyzed as a battery model (10) . In the battery model of the eye, the electrode potentials at the medial and lateral canthi are separately calculated, but we calculate the potential difference between them to be consistent with the con-
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Kayo Shinomiya 1) , Nobuyuki Itsuki 2) , Masanori Kubo 3) , and Hiroshi Shiota ventional method. However, in EOG recording, there are influences of the potential from the other eye called cross-talk. When there is a marked difference in the resting potential or ocular movements between the left and right eyes, cross-talk should be considered (11, 12) . For the evaluation of crosstalk, not the potential difference between the medial and lateral canthi but the potentials of individual electrodes should be evaluated. As shown in Fig. 2 , we placed negative electrodes on the body and positive electrodes at the medial and lateral canthi, measured their potentials separately, evaluated their characteristics, and analyzed cross-talk.
SUBJECTS AND METHODS
Subjects
To evaluate the characteristics of an improved EOG recording method, examination was performed in 6 healthy subjects without organic eye disorder other than refractive errors.
Subsequently, examination was performed in 6 adults (2 males and 4 females) with anophthalmia after unilateral enucleation due to various reasons. In all 6 subjects, the visual acuity in the normal eye was good, slit lamp biomicroscopy or funduscopy showed no abnormalities, and there was no history of operation. Table 1 shows the age, sex, side of anophthalmia, and its cause in each patient. Consent for cooperation was obtained from all subjects after explaining the purpose and contents of the study. Fig. 3 shows a scheme of the experimental system (13) . We previously reported this system, but changed the sites of electrodes in this study, placing positive electrodes at the medial and lateral canthi and negative electrodes at the earlobes so that the potential from the body was zero. EOG potentials were obtained using silver-silver chloride disc electrodes (small-type bioelectrode, 12 mm : Nihon Kohden, Tokyo, Japan) attached to 4 sites of the medial and lateral canthi using paste. The negative electrodes were attached to the earlobes. The potential between the medial canthus electrode and earlobe was regarded as the medial canthus potential, and that between the lateral canthus electrode and earlobe as the lateral canthus potential. Detected potentials were amplified (time constant, 3.0 sec ; high cut, 10 Hz) using an alternating current amplifier (AN601G : Nihon Kohden, Tokyo, 
EOG recording method
Fig. 1 Conventional EOG
The potential difference between the medial and lateral canthi is measured. Japan), passed through an A/D converter (resolution, 12 bits), transferred to a computer (PC9801 : NEC, Tokyo, Japan), and simultaneously recorded as analogue waves using an oscillographic recorder (Omniace RT3100, 4 channels : NEC San-ei Instruments, Tokyo, Japan). In the experiment, 2 visual targets placed on a semi-cylindrical screen 50 cm in front of the eye were alternatively blinked at 1-second intervals, and potentials resulting from their tracking were measured. The eye movement angle ranged from 5!to 50! and was symmetrical.
Cross-talk calculation method
The cross-talk value was evaluated by comparing potentials between the electrodes. The characteristics of cross-talk were analyzed in terms of the ratio of the potential of the medial canthus electrode on the normal side to that of the medial /lateral canthus electrode on the anophthalmia side. Fig. 4 shows EOG waves obtained when the sub-jects with bilaterally normal eyes moved each eye symmetrically (20! from the front). The horizontal and vertical axis represents time and EOG potential, respectively. At each angle, the potential at the medial was lower than that at the lateral canthus in the bilateral eyes. The polarity of waves at the lateral was reverse to that at the medial canthus in the bilateral eyes. Fig. 5 shows a graph with eye movement angle on the horizontal and EOG potential on the vertical axes. In the figure, the right direction indicates plus, and the left direction does minus for ocular move- ments. When attention is paid to the potentials of the medial and lateral canthus electrodes in the right eye, the potential detected at the medial was lower than that at the lateral canthus at each angle. In the left eye, similar findings were obtained. The polarity of the potential at the medial was reverse to that at the lateral canthus in the same eye. These findings are summarized as follows :
RESULTS
Measurement in healthy subjects
1. The potential detected at the medial was lower than that at the lateral canthus. 2. The polarity of the potential at the medial was reverse to that at the lateral canthus. Fig. 6 shows EOG waves obtained when the subjects with right anophthalmia moved each eye symmetrically (50!from the front). Fig. 7 shows the results with right anophthalmia. The potential of the right lateral canthus electrode was very low and almost zero at an eye movement angle of ! 20! . The potential of the right medial canthus electrode was also low but higher than that of the lateral canthus. The polarity of the potential was the same between the medial and lateral canthi. These potentials are those from the left eye (cross-talk) since the right was an anophthalmia. In the normal left eye, the polarity of the potential at the medial was reverse to that at the lateral canthus. Other cases showed the same results. The results are summarized as follows :
Measurement in subjects with unilateral anophthalmia
1. On the anophthalmia side, the potential at the lateral was considerably lower than that at the medial canthus. 2. On the anophthalmia side, the polarity of the potential was same between the medial and lateral canthi. 3. On the normal side, the polarity of the potential at the medial was reverse to that at the lateral canthus. Table 2 shows cross-talk values during eye movements at 5!increments in angle. Since potentials were low at an eye movement angle of ! 25" , causing marked errors in the ratio, the mean values from 30"to 50"are shown. The mean cross-talk to the medial canthus on the anophthalmia side was 0.087-0.540, i.e., 8.7%-54.0% of the potential at the medial canthus on the normal side. The mean cross-talk to the lateral canthus on the anophthalmia side was 0.044-0.169, i.e., 4.4%-16.9%.
Analysis of the characteristics of cross-talk
DISCUSSION
Measurement in the normal subjects in this study showed a lower potential at the medial than at the lateral canthus. Since the medial canthus electrode was close to the cornea as the positive pole, we expected the potential of the medial to be higher than that of the lateral canthus electrode. However, the result was the reverse of this. This phenomenon cannot be simply explained using the conventional battery model of the eye. As a cause, the influence of cross-talk can be considered. Since the polarity of the potential at the medial canthus of the normal eye was reverse to that of the anophthalmia eye, there is a possibility that the potential is reduced due to cancellation by the influence of the other eye.
Cross-talk is the influence of the potential of the other eye and is also called the contralateral effect. Miles (1, 2) observed the influence of one eye to the other based on EOG records in 9 patients with anophthalmia. Imaizumi (14, 15) , Ogita (16) and Kelsey (17) , et al . also reported the influence of the potential of the other eye. Cross-talk presents few problems when bilateral eyes are normal. However, when there is a marked difference in the resting potential or eye movements between the left and right eyes, cross-talk can not be ignored in the analysis of fine movements and should be eliminated in EOG recording. The methods for the measurement and elimination of cross-talk were first reported by Thijssen (18) , who reported a cross-talk of about 12% (-18.4 dB) in a unilateral eye movement method using convergence and about 16% (-16.0 dB) in a method for the evaluation of changes in the resting potential with the eyes placed in different adaptation situations. Kubo, et al. (11, 19) asked subjects to gaze at one point with one eye, measured the potential (cross-talk) in the fixed eye during forced adduction and abduction of the other eye by applying an aspiration contact lens, and also devised its elimination method. They reported that the mean value by their method was -16.4 dB. Itsuki, et al. (20) asked subjects to fix one eye on one point and measured EOG via multiple electrodes during forced adduction and abduction of the other eye using an aspiration contact lens. As the result, they observed the influence of the electrode site in the detection of contralateral EOG, and reported that the mean cross-talk was 17.8% (-15.0 dB) when the electrode was placed 20 mm temporal to the lateral canthus.
In previous studies, EOG was recorded merely as a potential difference between electrodes without consideration of the potentials of the electrodes themselves. We previously reported that the potential of each electrode can theoretically be calculated using a battery model of the eye and formula, and have compared the characteristics of potentials obtained using the theoretical formula and those of values obtained by measurement (10) . The measurement and evaluation of the potential of each electrode allow the evaluation of changes in potential associated with eye adduction and abduction. As shown in Figs. 4 and 6 , differences in the phase of waves can be clearly observed.
In this study, EOG was parallel to the eye movement angle until about 35" , but thereafter, showed a certain degree of saturation. Assuming that the eyeball can fully rotate in the horizontal plane, the potential theoretically reaches a peak when the eye is rotated by 90" , and becomes zero when it is rotated by 180" , bringing the cornea to the site of the retina. However, eye movements ! 50"are considered to be still linear. The saturation observed in this study may be because gazing at visual targets approaching the periphery of the visual field is difficult at a visual field angle of " 40" . In this study, visual field angles ! 40"were also included in the calculation of cross-talk because the calculation of the ratio presents no problems even if eye movements are inadequate.
The results of this study showed the marked influences of cross-talk on the potential at the medial canthus. Since the degree of influence was considerable (8.7% -54.0%), cross-talk in EOG analysis cannot be ignored. In contrast, the influence of crosstalk on the potential at the lateral canthus was slight. Therefore, in the analysis of cross-talk, attention only to the potential at the medial canthus is necessary for its calculation. When attention is paid to the potential at the lateral canthus, results with minimum errors due to cross-talk can be obtained.
The cross-talk value varies among subjects, due to the sites of attachment of electrodes (4) and indi-vidual differences (21). Further studies in which the sites of electrodes are clearly mentioned are necessary.
CONCLUSION
We recorded EOG by an improved method in normal subjects and patients with unilateral anophthalmia. This method allowed the evaluation of EOG characteristics according to electrodes and was useful for EOG analysis. The influence of crosstalk of the other eye was marked at the medial but slight at the lateral canthus. In EOG recording, results with minimum errors due to cross-talk can be obtained by paying attention to the potential at the lateral canthus. 
